Abstract: A proposal is made by the University College of London Group [1] for measuring the target-ionization cross sections in Ps and atom scattering. We calculate the corresponding theoretical data for Ps-H and Ps-He systems including the effect of exchange on Coulomb-Born approximation for the projectile-elastic and projectile-inelastic processes and report the total targetionization cross sections for the first time.
The exotic atoms like positronium (Ps), protonium etc. are interesting probes to investigate new physics due to the fact that they are formed by a matter and its corresponding antimatter. Their charge and mass centers coincide. The unique properties of Ps promise to yield stimulating findings . Ionization is an important phenomena in Ps and atom scattering [1, 2, [14] [15] [16] 18, 19, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . Only Ps break-up is studied extensively using reliable methods [15, 16, [26] [27] [28] , but no emphasis was given on target ionization [17] . Recently Laricchia et al [1] proposed measurements on target-ionization with and without projectile ionization, but no reliable theoretical data are available for the estimation. Due to zero first order polarization potential, the effect of exchange plays a predominant role in Ps-atomic system. We include exchange to study target-ionization for Ps-H and Ps-He scattering using Coulomb-Born approximation. In my knowledge this is the first reliable calculation to estimate cross sections for target ionization without projectile ionization. Earlier calculations [14, [29] [30] [31] [32] [33] on target-ionization did not include the effect of exchange.
We choose the post form of the scattering amplitude,
(following the conventional notation); however in direct channel both the post and prior forms are equal. We treat the moving Ps as a plane wave in the incident channel as well as in the final channel; the target ionized electron is represented by a continuum Coulomb wave which was a bound atomic electron in the incident channel. Being a neutral system, the plane wave approximation for the moving Ps may not introduce an error. In addition the first order effect due to polarizability vanishes in such a system of Ps and atom. So the present theory is quite reliable and it is reflected in the comparison of first-Born approximation (FBA) and the close coupling approximation (CCA) results of the earlier calculation [34, 35] . Only at very low energies, the FBA and CCA elastic cross sections differ in Ps-H [34] and Ps-Li [35] systems.
Inclusion of exchange is a rigorous and tedious job. The direct scattering amplitudes using FBA and CBA vanish if Ps does not change the parity. We are interested in projectile-elastic, [Ps(1s)→Ps(1s)] and projectile-inelastic, [Ps(1s)→Ps(2s)] target-ionization channels since they should have the maximum contribution than other target-ionization channels. For both the processes in both the systems, the entire contribution to target-ionization cross section is coming only from the exchange channels since the direct matrix elements vanish [14, [29] [30] [31] [32] . The exchange amplitude for Ps-He system is expressed as
(1) with
with R j = 1 2 (x + r j ) and ρ j = (x − r j ); j=1,2. Here, x is the coordinate of positron in Ps, and r j ; j = 1 to 3 are those of electrons in Ps and He respectively in the incident channel with respect to the center of mass of the system. Functions η and Φ indicate the wave functions of Ps and He respectively. Subscript 'i' identifies the incident channel, whereas 'f ' represents the final channel. Accordingly k i and k f are the momenta of the projectile in the initial and final channels respectively. Z is the nuclear charge of the target helium atom. The Ps wave function is considered at ground state in both the incident and final channels. If we remove the third electron from the Ps-He system which is represented by the position coordinate r 3 , the expression (1) should fit to Ps-H system. The triply differential cross section (TDCS) for the break-up of He in Ps-He scattering is defined as
and the integrated cross section as
with dE k = kdk, k is the momentum of the ionized electron. The ground state Ps wave function is η 1s (ρ) = e −ρ/2 / √ 8π. The target helium wave function in the incident channel is φ i (r 2 , r 3 ) = u 1s (r 2 )u 1s (r 3 ), and in final channel is φ f (r 1 , r 3 ) = u * k (r 1 )u 1s (r 3 ), where u 1s (r) = λ 3/2 π −1/2 e −λr with λ = 1.6875 [36] ; u k (r) is the continuum Coulomb wave function with momentum k and is expressed as
We choose γ = −λ/k so that u k (r) is orthogonal to u 1s (r) following Klar et al [see ref . 36] .
After carrying on the integration over r 3 , the equation (1) transformed to
with
and
r 2 e −λir2 e −αi|x−r1| e −α f |x−r2|
Here α i , α f are the screening parameters used in the wave function of Ps and λ i , λ f are the screeing parameters used to define wave function of the target electron, in the incident and final channels respectively;λ if = λ i + λ f .
The Ps-H system contains only the first four integrals I 1 , I 2 , I 3 , I 4 . The terms like I 5 and I 6 appear in all the multi-electron targets. We derive the following standard integrals which are useful to reduce the dimension of the above six integrals: dre ik.r e −βr e −α|x−r| = 2παβ
when
In addition, we use the help of another standard integral e −βr r e iP.r
where T = β 2 + P 2 . After simplification each of the six integrals in equations (7) and (8), transforms into a two-dimensional form. Lastly, the numerical integrations are performed using the Gauss-Legendre quadrature method. The Gauss-Legendre quadratures are generated using our own code.
We introduce the integrated cross section for the projectile elastic [Ps(1s)→ Ps(1s)] and projectile inelastic [Ps(1s)→ Ps(2s)] target-ionization for the Ps-H and Ps-He scattering. In figure 1 , we presented the results of Ps-H system and in figure 2 , the Ps-He system. We compared them with the corresponding target-elastic Ps-ionization cross sections [26, 27] . For both the processes the direct scattering amplitude vanishes, so only the exchange contributes. Our earlier target-ionization cross sections using FBA [33] and CBA [30, 31] include the contribution of all the important direct channels, but the present channels had null contribution due to parity conservation of Ps. The results reported in ref. [30] is superior than earlier [31, 33] due to the fact that the target continuum Coulomb wave function was orthogonal to the target atomic wave function. We see that the present projectile-inelastic [Ps(1s)→Ps(2s)] target-ionization cross sections have a negligible contribution in comparison to the projectile-elastic [Ps(1s)→Ps(1s)] target-ionization cross sections in both the systems. So we can expect that the contribution of exchange is not so important in projectile inelastic target-ionization channels and inclusion of only the direct channels are sufficient. So we adapt the CBA results for the rest projectile-inelastic target-ionization channels. The present summed target-ionization cross section is comparable with the summed direct target-ionization cross section [30, 32] at lower incident energies. At higher incident energies, the present summed target-ionization cross section is negligible in comparison to summed direct target-ionization cross section [30, 32] . This is in complete agreement with the basic theory of exchange. To get total target-ionization cross section we add the present summed cross section with the previous [30, 32] projectile-inelastic target-ionization cross sections using CBA and presented in figure 3 for Ps-H and figure 4 for Ps-He systems. We follow the similar methodology for Ps-ionization, consider the effect of exchange as negligible for the target-inelastic Ps-ionization processes and adapt the CBA results for target-inelastic Ps-ionization. The summed total Ps-ionization cross sections are plotted in the same figures 3 and 4. We conclude that target-ionization processes are more important in the Ps-H system than the Ps-He system and projectile ionization is more important in the Ps-He system than the Ps-H system. These are in complete agreement with our earlier findings [30] [31] [32] . We present our present tabular data and summed CBA results for projectile-inelastic target ionization in table 1 for future investigations.
To conclude, we report reliable theoretical data for total target-ionization cross sections in Ps-H and Ps-He scattering including the effect of exchange on the most important projectile-elastic and the projectile inelastic channels. 
